*S Supporting Information
ABSTRACT: We present the stereoselective synthesis of a chiral covalent organic cage consisting of three redoxactive naphthalene-1,4:5,8-bis(dicarboximide) (NDI) units by dynamic imine chemistry. Single crystal X-ray diff raction analysis shows that host−guest interactions and racemic cocrystallization allow for controlling the solid state structure. Electronic interactions between the NDI units probed by absorption and circular dichroism spectroscopies, electrochemistry and theoretical calculations are shown to be weak. Photoexcitation of NDI leads to intracage charge separation with a longer lifetime than observed in the corresponding monomeric NDI and dimeric NDI cyclophane imines. The EPR spectrum of the singly reduced cage shows that the electron is localized on a single NDI unit at ambient temperatures and transitions to rapid hopping among all three NDI units upon heating to 350 K. Dynamic covalent chemistry thus promises rapid access to covalent organic cages with well-defined architectures to study charge accumulation and electron transport phenomena.
Thermodynamically driven condensation of multifunctional amines and aldehydes, known as dynamic imine chemistry, 1 has proved to be a powerful method for the construction of macrocyclic compounds, 2 rotaxanes, 3 catenanes, 4 covalent organic cages (COCs), 5 covalent organic frameworks 6 (COFs) and exotic molecules such as Borromean rings 7 and Solomon knots. 8 The type of product is dictated mainly by the number of functional groups in the amine and the aldehyde, the angle between these functional groups, and the catalyst used. 1 Condensation of diamines with trialdehydes often results in the formation of COC imines that exhibit interesting guest binding and gas sorption properties. 5b,d COC imines are relatively rigid, possess high symmetry and, unlike COFs, can easily be processed to fabricate thin films as demonstrated by molecular-sieving membranes for selective gas separation. 5d
At the same time, the molecular units in COCs are spatially arranged with high precision. Such well-defined molecular architectures are of paramount importance in understanding electronic communication between chromophores and redox partners. 9 COCs are thus appealing building blocks of photo/ product and we evaluated the strain (Scheme S1, Table S1 ) that accompanies its formation and that of related cyclophane 2 reported previously. 2 We found that the intermediate strain in 1 (∼15 kcal mol − 1 for 1; ∼5 kcal mol − 1 for 2) should allow for its synthesis by water removal. Both enantiomers of COC imine 1, Scheme 1. Synthesis of 1−3 15 cyclophane 2 and a reference compound 3 were therefore synthesized by condensation of an appropriate aldehyde and chiral NDI diamine 4, prepared from enantiomerically pure trans-1,2diaminocyclohexane and naphthalene-1,4:5,8-dicarboxydianhydride (Scheme S2), in toluene under Dean−Stark conditions. Imines 1−3 are stable in CH2Cl2 or THF solutions for days, but hydrolyze readily on the surface of silica or alumina (1 is the most and 3 is the least stable in the series). The compounds were therefore purified by precipitation from their toluene solutions with methanol in good yields and purity. Their structures were confirmed by 1 H, 13 C and 2D homo-and heteronuclear correlation NMR spectroscopy and HR-ESI-ToF mass spec-trometry (Figures S1−S27). All 1 H and 13 C NMR resonances of cage 1 were fully assigned ( Figure S10 ).
The equilibrium nature of the dynamic imine chemistry allowed us to investigate the mechanism of cage 1 formation in more detail. Condensation of a substoichiometric amount of 4 with 1,3,5-triformylbenzene, provided, besides 1, a new compound with 1 H NMR spectrum suggesting that the new compound is a [2+2] condensation product. Partial hydrolysis of 1 on a short silica column gave a product with an identical 1 H NMR spectrum (Figures S28−S30). We therefore assigned the spectrum to cyclophane 2I (Scheme 1) as an intermediate in the formation of cage 1.
The [2+2] condensation of isophthalaldehyde with a racemate of 4 yielded a mixture of (RR)-and (RS)-2 diastereomers in ∼2:1 ratio (see Figure S31 ) in agreement with our DFT calculations ( Table S2 ) that show that (RR)-2 is more stable than (RS)-2. The stereoselectivity reinforces itself in the case of [3+2] condensation. Only the signals of homochiral 1 could be observed in the 1 H NMR spectrum of the reaction mixture, although a ratio
Formation of cage 1 is therefore highly stereoselective in agreement with our calculations.
The gas phase DFT model predicts that cage 1 possesses high symmetry (D3 point group) in accord with its simple 1 H NMR spectrum and has a large internal cavity that can be occupied by guest molecules. Indeed, a satisfactory fit to data obtained by small-angle X-ray scattering of a THF solution of 1 (Figures S36− S39) required a model with three THF molecules inside the cavity of 1. Definitive proof for the presence of solvent guests was provided by X-ray diff raction (Figures 1 and S40−S45) of a single crystal grown by methanol vapor diff usion into a toluene solution of 1 (Figure 1a ; P21 space group). Two crystallographically distinct cages of 1 were found in the crystal structure: one with two and one with three highly ordered toluene molecules inside the cage, each within van der Waals contact with the π−acidic surface 19 of an NDI. This donor−acceptor interaction determines the packing of 1 in the solid because it prevents close contact of the cages and limits the edge-to-face interactions between NDIs to two per cage. As proof, we crystallized 1 from nitrobenzene, an electron-deficient molecule of comparable size to toluene, and found no ordered nitrobenzene molecules in the cavity of 1. As a consequence of more free space, four edge-to-face interactions per cage are allowed in the solid 1 superstructure (Figure 1b; C2221) , which is more ordered. We also succeeded in determining the crystal structure ( Figure S45 ) of the racemic mixture of 1 with a centrosymmetric unit cell (P1), which demonstrates the ability to control the solid state morphology by host−guest interactions or blends of stereoisomers. The UV−vis absorption spectra of 1−3 are very similar except for the molar absorption coefficient of the NDI absorption band ( max), which nearly doubles for 2 when compared to 3. The addition of the third NDI chromophore in 1 does not increase max considerably as a result of spatially coupled transition dipole moments. 20 In addition, theory predicts that exciton coupling of the three NDI chromophores in 1 should result in a formally forbidden electronic transition to a doubly degenerate lowest singlet excited state. 20 The absorption spectrum of 1 displays a weak shoulder (Figure 2 and Figure S46 ), which is absent in 3 and is slightly red-shifted relative to the major absorption band in agreement with TD-DFT calculations (Table S3) indicating that this transition is weakly allowed.
The strain in 1 induces a helical twist 21 and NDI 2 − suggesting that the electronic coupling between the NDI units in 1 and 2 is small. Chronoamperometry experiments ( Figure S58 ) confirmed that each reduction wave consists of a three-electron process in 1. Such minimal Coulombic penalty makes the nanometer-sized cage 1 an appealing all-organic 6-electron acceptor. 12b,d It is known that the lowest excited singlet state of NDI ( 1 *NDI)
is a strong oxidant capable of removing an electron from aryl groups attached to the imide position, 22 which may be useful for redox catalysis or organic electronics. We were therefore interested in the eff ect of the more constrained geometry of 1 on the charge separated (CS) state lifetime. Following photoexcitation of 1−3 in CH2Cl2 (∼10 − 4 M) with a 350 nm, 100 fs laser pulse, femtosecond transient absorption (fsTA) spectroscopy showed (Figure 3 ; also section H in the SI) that initial Thus, we performed continuous-wave (CW) EPR experiments on 1−3 (DMF, 5 × 10 − 4 M) chemically reduced with cobaltocene (0.1−0.9 equiv) to observe whether the electron can hop rapidly among multiple weakly coupled NDI units. According to the McConnell relationship, 25 the isotropic hyperfine coupling decreases linearly with the number of equivalent nuclei on which the unpaired spin density resides on the time scale of the EPR experiment. Figure 4 shows the CW-EPR spectra of 1 •− and formation of 1 *NDI ( max = 603 and 470 nm) is followed by rapid oxidation of the aromatic imine bridge (τCS = 0.4−0.6 ps). Formation of the NDI •− radical anion 23 ( max = 470, 530 and 610 nm) is followed by fast solvent relaxation (τrlx = 4−6 ps). The radical ion pair then rapidly charge recombines (CR), where τCR = 100.2 ± 9.2, 76.9 ± 9.8 and 56.1 ± 10.9 ps for 1, 2 and 3, respectively, to form the NDI triplet state ( 3 *NDI) that persists for microseconds. 3 *NDI is most likely produced by the spin− orbit charge transfer mechanism because the π systems of the imine donor and the NDI acceptor are nearly orthogonal. 24 Raising the radical ion pair energy by placing 1 in nonpolar dioxane accelerates CR (τCR = 84 ps, Table S8 , Figures S65  and S66 ); thus indicating that CR occurs in the Marcus normal region, which is consistent with charge recombination primarily to 3 *NDI rather than the NDI singlet ground state, which is expected to lie in the Marcus inverted region. 22 The quantum yield of 3 *NDI formation was, however, not determined. The data suggest that the more rigid structure of 1 increases the CS state lifetime either by increasing the internal reorganization energy or restraining 1 from exploring the parts of energy surface with optimal electronic coupling for CR. The short CR lifetime did not allow us to observe the radical ion pair within the COC by time-resolved EPR spectroscopy. Figure S67 ), which clearly shows that the electron is localized on a single NDI. The average NDI-NDI distance in 1 is large (9.9 Å; Figure S41 ), and therefore hinders electron hopping between the NDI units on the EPR time scale at 295 K due to weak electronic coupling, consistent with what we observed in our electrochemistry and UV absorption experiments, as well as the 0.17 eV internal reorganization energy for NDI reduction to NDI •− determined using DFT calculations. 26 In contrast, raising the temperature of 1 •− and 2 •− to 350 and 370 K, respectively, results in the appearance of a second set of narrow lines, which is more prominent for 1 •− than 2 •− . The narrow line EPR spectra of 1 •− and 2 •− are readily fit to two species (see Section I in the SI for further details). All observed species for both 1 •− and 2 •− possess nearly identical g-factors irrespective of temperature, whereas the hyperfine coupling constants of the second narrow line width species that appear in the high temperature data are one-third those of 1 •− and one-half those of 2 •− at 295 K. This demonstrates that at 350 K, the electron is hopping among all three NDI redox units in 1 •− and between both units in 2 •− at 370 K, spending, on average, an equal time on each NDI. Moreover, the diff erent hyperfine couplings for 1 •− and 2 •− suggest that the species observed at elevated temperatures does not arise from bimolecular electron transfer, which is presumably the origin of EPR spectra line broadening at elevated temperature when more than a 10-fold increase in the concentration of neutral 1 in the solution is used ( Figure S68 ). The EPR spectra of 1 •− and 2 •− were additionally fit with an intramolecular exchange model of Heinzer 27 ( Figure S69 ) that provided us with the approximate rate constants of the intramolecular electron transfer. Although the electron hopping occurs with a k ∼ 10 5 s −1 , a lower limit of EPR time resolution, at room temperature, it accelerates by nearly 2 orders of magnitude to k ∼ 8 × 10 6 s −1 by increasing the temperature for 1 •− and 2 •− at 350 and 370 K, respectively.
In summary, we have reported on electron hopping and charge separation within a chiral covalent organic cage assembled by dynamic imine chemistry that demonstrates the potential to access rapidly a new class of organic cage molecules with interesting optoelectronic properties. These could prove useful in enantioselective molecular recognition, multielectron accumulation for catalysis, organic electronics and sensing.
